r 



UNITED STATES PATENT APPLICATION 



FOR 



ARRAY POLARIZATION BEAMSPLITTER AND COMBINER 



INVENTOR: 



5 ALEXANDER JACOBSON 



Prepared by: 
blakely, Sokoloff, Taylor & Zafman LLP 

y 12400 WILSHIRE BOULEVARD 

y. Seventh floor 

2 LOS ANGELES, CA 90025-1026 

(408) 720-8598 



BSTZ Docket No.: 005388.P006 



"Express Mail" mailing label number: EL617183785US 

Date of Deposit: Tuly 19, 2001 

i hereby certify that i am causing this paper or fee to be deposited 
with the United States Postal Service "Express Mail Post Office to 
Addressee" service on the date indicated above and that this paper 
or fee has been addressed to the assistant commissioner for patents, 
Washington, D. C. 20231 

CONNY WlLLESEN 

(Typed or printed name of person mailing paper or fee) 

Cy^n ^ ^AJi A& UJU 

(Signature of person mailing paper or fee) 

7- \<\-o\ 

(Date signed) 



ARRAY POLARIZATION BEAMSPLITTER AND COMBINER 



FIELD OF THE INVENTION 

This invention relates to the field of optical communications and, in 
particular, to optical components used in optical communications. 

BACKGROUND 

Beamsplitters/combiners are currently used in many applications such as 
broadband data communications. Figure 1 illustrates a prior art system that uses 
multiple single channel beam combiners. Each single channel combiner includes 
two inputs, an output, and various micro-optic components such as a spatial 
walk-off polarizing crystal and collimators. The input collimator operates to 
focus light beams A and B received from the input fibers onto the spatial walk- 
off polarizing crystal. 

A spatial walk-off polarizing crystal is a crystal of birefringent material 
that splits an unpolarized light beam into two orthogonally polarized light 
beams. When an anisotropic (birefringent) crystal is cut at a certain angle 
relative to its optical axis, the crystal will cause a component of light in a 
particular polarization direction to be diverted into a different path as it passes 
through the crystal. The amount of divergence is proportional to the thickness of 
the crystal. The direction that the polarization component is diverted is referred 
to as the walk-off direction of the crystal. A birefringent crystal, however, will 



-1- 



Attomey Docket No.: 005388.P006 



only divert the polarization component in a polarization plane parallel to the 
walk-off direction and will not effect the polarization component in a plane 
perpendicular to the walk-off direction. In addition, a walk-off crystal is a 
reciprocal device such that the deviation angle of light passed through the crystal 
5 in a forward direction is opposite that of light passed through the crystal in a 
backward direction. In this manner, two orthogonally polarized light beams A 
q and B are combined into a single light beam when passed through the spatial 

^9 walk-off polarizing crystal in the direction from the input to the output fiber. 

The single beam is propagated to an output collimator that focuses the single 
y& 10 beam into the output fiber. 

Such single channel beam combiners typically have a cylindrical shape 
that may be 65 mm in length and 5 mm in diameter. The spatial walk-off 
polarizing crystals used in these beam combiners may each run on the order of a 
few hundred dollars and may only be available from only a limited number of 
15 vendors. As such, one problem with such micro-optic combiners is their 

increased manufacturing cost. The increased manufacturing cost is due not only 
to the multiple individual assemblies that are required for each channel, but also 
the high cost of the crystals (e.g., spatial walk-off polarizing crystal) used in these 
combiners. When many of these crystals are required for construction of 
20 multiple micro-optic combiners, the increasing cost greatly detracts from the 
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desirability of these devices. In addition, their limited availability may also make 
these micro-optic combiners undesirable due to possible supply shortages. 

Another problem with such micro-optic devices is that they have very 
large dimensions, making them undesirable for use in systems that require small 
device geometries. 



-3- 



Attorney Docket No.: 005388.P006 



SUMMARY OF THE INVENTION 

The present invention pertains to a polarizing beamsplitter/ combiner 
array. In one embodiment, the array includes a housing having a plurality of 
ports with each of the plurality of ports configured to receive a fiber. The array 
may also include a plurality of collimating lenses disposed within the housing 
with each of the plurality of collimating lenses configured to receive a light beam 
from a corresponding port of the plurality of ports. The array also includes a 
beamsplitter/combiner coupled to the plurality of collimating lenses to receive 
the light beam from each of the plurality of collimating lenses, the 
beamsplitter/ combiner has a common optical aperture disposed on an outer 
surface area to simultaneously receive the light beams received from each of the 
plurality of collimating lenses. 

Additional features and advantages of the present invention will be 
apparent from the accompanying drawings and from the detailed description 
that follows. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example, and not by way of 
limitation, in the figures of the accompanying drawings and in which: 

Figure 1 illustrates a prior art system that uses multiple single channel 
beam combiners. 

Figure 2 illustrates one embodiment of an array polarization beamsplitter 
/ combiner. 

Figure 3 illustrates an alternative embodiment of an array polarization 
beamsplitter /combiner. 

Figures 4 is a graph illustrating one embodiment of theoretical 
wavelength v transmission loss for light propagated through an array 
constructed from BK7 prism material. 

Figures 5 is a graph illustrating one embodiment of theoretical 
wavelength v transmission loss for light propagated through an array 
constructed from SF2 prism material. 

Figure 6 illustrates one embodiment of an Erbium doped fiber 
amplification system. 

Figure 7 illustrates one embodiment of a Raman amplification system. 

Figure 8 illustrates another embodiment of an Erbium doped fiber 
amplification system. 

Figure 9 illustrates another embodiment of a Raman amplification system. 
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Figure 10 illustrates yet another embodiment of an array polarization 
beamsplitter /combiner. 

Figure 11 illustrates an alternative embodiment of an array polarization 
beamsplitter /combiner having a two dimensional port array. 
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DETAILED DESCRIPTION 

In the following description, numerous specific details are set forth such 
as examples of specific materials, components, dimensions, etc. in order to 
provide a thorough understanding of the present invention. It will be apparent, 
however, to one skilled in the art that these specific details need not be employed 
to practice the present invention. In other instances, well known materials or 
methods have not been described in detail in order to avoid unnecessarily 
obscuring the present invention. 

A method and apparatus is described to beam split or combine light for 
multiple fiber optic channels using a single device. The device components may 
be contained within a single housing. Light may enter the device through an 
array of fiber ports with each port having a collimating lens. The light is 
propagated through a common optical aperture with the propagation of light for 
each of the channels being substantially parallel to each other. In one 
embodiment, the common optical aperture may be disposed on an outer surface 
area of a polarizing beamsplitter such as a rhombic prism having a polarizing 
beamsplitter coating. Alternatively, the common optical aperture may be 
disposed on a reflective polarizer plate. The device may be used, for example, in 
laser amplification systems to combine lower power pump light beams into a 
single, higher power pump light beam. 
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Figure 2 illustrates one embodiment of a beamsplitter /combiner array. 
Array 200 operates to simultaneously combine or split light on multiple channels 
depending the direction of light propagation through array 200. Array 200 is 
shown having 4 channels only for ease of discussion. In alternative embodiment, 
array 200 may be a multi-channel array having more or less than 4 channels. 

Beamsplitter /combiner array 200 includes housing 210 having multiple 
ports 211-214, 221-224, and 231-234 that may be coupled to fibers (not shown). 
Housing 200 may be constructed out of a rigid material, such as aluminum. In 
one embodiment, the material of housing 200 may be selected for thermal 
stability and thermally matched the material used for beamsplitter /combiner 
260. 

When array 200 is operating as a beamsplitter, light beams are received 
through ports 211-214 and are propagated through the device to ports 221-224 
and 231-234. In such a configuration, ports 211-214 may be referred to as input 
ports and ports 221-224 and 231-234 may be referred to as output ports. Input 
ports 211-214 may be coupled to receive light beams from input fibers and 
propagate portions of the light beams to corresponding output fibers through 
output ports 221-224 and 231-234. 

When array 200 is operating as a beam combiner, light beams are received 
through ports 221-224, 231-234 and propagated through the device to ports 211- 
214. In such a configuration, ports 211-214 may be referred to as output ports 
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and ports 221-224, 231-234 may be referred to as input ports. In this 
configuration, input ports 221-224, 231-234 receive light beams from input fibers 
and combine the light beams together for propagation to corresponding output 
fibers through output ports 211-214. Whether operating as a beamsplitter or a 
beam combiner, the light received from the multiple ports that are 
simultaneously propagated through array 200 share a common optical aperture, 
as discussed below. 

The operation of array 200 as a beamsplitter is now discussed. In one 
embodiment, array 200 also includes collimators 241-244, 245-248, and 251-254, 
and beamsplitter 260. Collimators 241-244 are coupled to ports 211-214. 
Collimators 241-244 operate to receive light beams from fiber coupled to ports 
211-214 and focus the light beams to beamsplitter 260. Collimators 241-244 may 
be individual collimators or, alternatively, combined within a single collimator 
array. In one embodiment, collimators may be GRIN lenses. Collimators are 
available from industry manufacturers such as NSG, of Japan. Collimators are 
known in the art; accordingly, a detailed description is not provided. In yet 
another embodiment, the collimators may integrated collimators having fused 
fibers. Integrated collimators are available from Light Path Technology of 
Warren, NJ. 

Light 281-284 received through ports 211-214 may be linearly polarized 
light. Linearly polarized light is characterized by two plane-polarized beams: 
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one beam with its electric field parallel to the plane of incidence (horizontal or P- 
polarized) and the other beam with its electric field perpendicular to the plane of 
incidence (vertical or S-polarized). 

In one embodiment, beamsplitter 260 is polarizing beamsplitter that has 
5 one or more layer polarizing beamsplitter (PBS) coating 270 on its inner surface 
that acts to separate the S-polarized and P-polarized components of light 281-284 
into spatially separate beams. The coating 270 on the inner surface 268 of 
^5 beamsplitter 260 operates to reflect light based on its polarization, such that S- 

J polarized light is reflected and P-polarized light is transmitted. The S-polarized 

01 

B) 10 light beams 291-294 are reflected to side 261 of beamsplitter 260. The side 261 of 



polarizing beamsplitter 260 is a reflective element that acts as a mirror to reflect 
the S-polarized light beams 291-294 such that they are propagated to collimating 
lenses 251-254. Side 261 mirror reflection may be created by a coating on that 
side, or by total internal reflection. Collimating lenses 251-254 collimate light 

15 beams 291-294 into corresponding output fibers. The P-polarized light beams 
295-298 are refracted to collimating lenses 245-248. 

In this manner, the S-linear polarized light received through port 241 is 
output as substantially pure S-polarized light through port 251 and the P-linear 
polarized component of light received through port 241 is output as substantially 

20 pure P-polarized light through port 245. Likewise, linearly polarized light beams 
received through ports 242, 243, and 244 are divided by polarization, with S- 
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polarized components outputted through ports 252-254, respectively, and P- 
polarized components outputted through ports 246-248, respectively. 

A polarizing coating 270 may be applied to one of prism surfaces 268 or 
269 to form beamsplitter 260. Then, the beamsplitter 260 surfaces may be 
5 cemented or optically contacted together. A composite optical system is thereby 
formed by the interfaces of surfaces 268 and 269 and coating 270. Generally, an 
adhesive is chosen that accurately mimics the index of refraction of beamsplitter 
"i? 260 so that it is optically integral to one of the surfaces 268 or 269. 

2 — : 
i I 

y3 Anti-reflection (AR) coatings may reside on some component surfaces 

2 

yl 10 through which light is propagated. AR coatings may be placed on the normally 
JL incident surfaces of beams splitter 260 adjacent to collimators 241-244, 245-248, 

and 251-254. Light beams propagated by collimators 241-244, 245-248, and 251- 
254 jump an air gap, for example, air gap 201 between the beamsplitter 260 and 
collimators 245-248, and 251-254. The air-glass interface associated with the 
15 entrance, or exit, of light from either beamsplitter 260, or a collimator, may 
induce an optical loss that depends on the index of refraction of the material 
used for the components. In one embodiment, for example, the optical loss may 
be 4-20%. AR coatings of single or multiple layers may be applied on the air- 
glass interfaces may reduce such optical loss. Commercially available 
20 collimators are often AR coated to reduce optical loss. 
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In one embodiment, beamsplitter 260 may be a rhombic prism. In another 
embodiment, other types of prisms may be used, for example, a Glan Thompson 
crystal polarizing prism or other types of polarizing prisms whose input and 
output apertures are so disposed as to admit multi-channel fiber coupling with 
5 input fiber sharing the same input aperture and outputs sharing the same output 
aperture. In one embodiment, the prism may be composed partially, or wholly, 
of birefringent crystal materials. Alternatively, the prism may not include 
^ birefringent crystal material (e.g., the prism may be constructed using glass). 

J In an alternative embodiment, other types of reflective thin film polarizing 

m 

M* 10 beamsplitters may be used, for example, a cubic beamsplitter 360 used in 

combination with a reflective element 361 such as a mirror or plate reflector, as 
illustrated in Figure 3. Cubic beamsplitter 360 is disposed within housing 310 of 
l£ array 300. Cubic beamsplitter 360 has a matched pair of right angle prisms 362 

and 363 that are optically coupled or physically coupled together with an epoxy. 
15 The hypotenuse 364 of one of prisms 362 and 363 has a polarizing beamsplitter 
coating. Beamsplitters and mirrors are known in the art; accordingly, a detailed 
discussion is not provided herein. 

In one embodiment, the optical components of array 200 may be 
physically coupled together using, for example, an epoxy. In an alternative 
20 embodiment, the optical components of array 200 may be optically coupled 
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together such that a glass-air interface may exist between some of the 
components. 

Figure 10 illustrates yet another embodiment of an array polarization 
beamsplitter /combiner. Array splitter /combiner 1080 contains single reflective 
5 polarizer plate 1081. Polarization coating 1082 reflects S-polarized light and 
transmits P-polarized light. An optional AR coating 1083 may be used to 
improve the transmission of the transmitted P-polarized beam. AR coating 1083 

O 

may be omitted if plate 1081 is disposed at the Brewster's Angle to the P- 

□ 

y3 polarized beam. Brewster's angle is the angle of incident light at which any P- 

m 

£P 10 polarized component of incident light is absent in reflected light for a particular 

J- refractive index of plate 1081. In another embodiment, one or more reflective 

S! 

mirrors may be included in splitter /combiner 1080 to dispose the input and/ or 

£ 

0 output beams into more useful directions that do not depend on the optimum 

r— 

angle of incidence of the P-polarized beam with respect to polarizer plate 1081. 

15 Referring again to Figure 2, beamsplitter 260 may be constructed from a 

high index glass, such as SF2 of SF11. In another embodiment, other materials 
may be used, for example, beamsplitter 260 may be constructed from BK7 glass 
or undoped YAG crystal. Prisms and coatings are available from industry 
manufacturers such as CVI of New Mexico. 

20 When array 200 is operating as a beam combiner, light beams are received 

through ports 221-224 and 231-234 and propagated through the device to ports 



-13- 



Attorney Docket No.: 005388.P006 



211-214. In such a configuration, beamsplitter 260 operates to combine light 
beams together for propagation to corresponding output fibers through ports 
211-214. 

When array 200 is used as a beamsplitter, all the input and output fibers 
may be polarization maintaining fibers. When array 200 is used as a beam 
combiner, the input fibers may be polarization maintaining fibers and the output 
fibers may be standard telecommunication fibers. A polarization maintaining 
fiber operates to preserve the polarization states of the reflected light beams 
through the optical path of the beamsplitter/combiner. 

Beamsplitter 260 has a larger clear aperture on outer surfaces 201 and 202 
than the fiber mode that enables the apertures to be shared in a non- 
competing /non-interfering way by the multiple channel fibers simultaneously in 
a single device. The size of the apertures increases linearly with area. The 
number of channels that may be handled by the array polarization beam splitter 
also varies linearly with aperture. However, the manufacturing cost of such a 
single internal optic (which may include polishing, coating and assembly steps) 
and the manufacturing cost of the single housing may rise much more slowly 
than the aperture size and, hence, the number of channels. Therefore, the cost 
per channel of the array polarization beamsplitter /combiner may be less than the 
cost per channel of multiple individual crystal polarizing beamsplitters/ 
combiners. 
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In one embodiment, beamsplitter 260 may employ a single internal 
polarizing optic constructed of readily available optical glass. The 
manufacturing cost of such an optic constructed with readily available optical 
glass rises much more slowly than the large clear aperture and, hence, the 
number of channels that may be handled by, the beamsplitter. In addition, such 
an optic may also be available from multiple sources. Therefore, the cost per 
channel in this embodiment may be much lower than the cost per channel of 
multiple individual crystal polarizing beamsplitters/combiners. 

Another advantage of array 200 over that of the device of Figure 1 is that 
array 200 may be manufactured more compactly than the combination of 
multiple single channel devices of Figure 1. Although beamsplitter 260, by itself, 
may be larger in size than a single walk-off crystal used in each of the devices of 
Figure 1, the sharing of a common optical aperture disposed on beamsplitter 260 
by multiple fibers enables the construction of a smaller overall array 200 than the 
combined sizes of the multiple single channel devices of Figure 1. In particular, 
the length of array 200 may be significantly shorter than the length of the single 
channel devices of Figure 1 (e.g., less than 65 mm). In one embodiment, for 
example, array 200 may have a width of 271 of approximately 66 mm, a length 
272 of approximately 40 mm, and a height 273 of approximately 12mm. It 
should be noted that these dimensions are only exemplary. In an alternative 
embodiment, array 200 may have other dimensions. 
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Moreover, with a similar amount of manufacturing resources (e.g., factory 
space and labor) it may be quicker and cheaper to manufacture (e.g., component 
alignment and package sealing) multiple optic channels in a single device than to 
manufacture multiple single channel devices. 
? Figure 11 illustrates an alternative embodiment of an array polarization 

beamsplitter / combiner having a two dimensional port array. Beamsplitter/ 
combiner array 1100 may operate in a manner similar to the beamsplitter/ 
2 combiner arrays 200, 300, and 1080 discussed above in relation to f Figures 2, 3, 

and 10, respectively. In one embodiment, beamsplitter /combiner array 1100 
L* 10 includes a single housing 1110 having ports that are arranged in two dimensional 
arrays, with the ports arrayed in planes parallel to the input and output optical 
apertures of the beamsplitter 1160. In other words, the ports may be arranged in 
linear (single dimension) rows that are stacked on top of each other. For 
example, beamsplitter/ combiner array 1100 may include a first row 1191 of ports 
15 (e.g., having ports 1111-1114), a second row 1192 of ports (e.g., having ports 
1121-1125), and a third row of ports 1193. In one embodiment, the ports in 
adjacent rows (e.g., rows 1191 and 1192) may be offset from one another in a 
hexagonal formation in order to increase the density of ports that may be 
positioned in housing 1110. Alternatively, other two-dimensional port 
20 formations may be used. It should be noted that rows 1191-1193 and their 
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corresponding ports may represent either input or output port rows of 
beamsplitter /combiner array 1100. 

Figures 4 is a graph illustrating one embodiment of theoretical 
wavelength v transmission loss for light propagated through an array 
constructed from BK7 prism material. The horizontal axis of graph 400 is the 
wavelength of light in nanometers (nm). The vertical axis of graph 400 is the 
transmission loss through the BK7 based array in decibels (dB). Curve 401 shows 
the transmission loss in dB for the S-polarized component propagating through 
the array. Curve 402 shows the transmission loss in dB for the P-polarized 
component propagating through the array. 

Figures 5 is a graph illustrating one embodiment of theoretical 
wavelength v transmission loss for light propagated through an array 
constructed from SF2 prism material. The horizontal axis of graph 500 is the 
wavelength of light in nanometers (nm). The vertical axis of graph 500 is the 
transmission loss through the SF2 based array in decibels (dB). Curve 501 shows 
the transmission loss in dB for the S-polarized component propagating through 
the array. Curve 502 shows the transmission loss in the dB for the P-polarized 
component propagating through the array. Figure 5 shows that any array 
polarization beamsplitter / combiner containing suitably constructed prisms 260 
of Figure 2 or 360 of Figure 3 may be used over a wide wavelength band range. 
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Referring to Figure 5, for example, band 510 is approximately the Metro 
Band; band 520 is approximately the Raman Pumping Band; band 530 is 
approximately the S-Band; band 540 is approximately the C-Band; and band 550 
is approximately the L-Band. It should be noted that the wavelength band 
ranges noted above are only approximations and that the wavelength ranges for 
the different bands may be overlapping. 

As such, arrays 200, 300, and 1080 of Figures 2, 3, and 10, respectively, 
may be used in various systems, for examples, the laser and Raman 
amplifications systems discussed below in relation to Figures 6-9. 

Figure 6 illustrates one embodiment of an Erbium doped fiber 
amplification system. In this system, Erbium-doped gain fiber 601 is the laser 
gain medium. The laser amplification system 600 may include a plurality of low 
power pump lasers 602-605. Array polarization beam combiner 606 may be used 
to combine orthogonally S- and P-polarized pump lasers into composite beams, 
thereby increasing the pumping power in the output fiber 617. The number of 
pump lasers is limited only by the number of array inputs. Four pump lasers are 
shown in amplifier 600 only for ease of discussion. In an alternative 
embodiment, laser amplification system 600 may be constructed with a larger or 
smaller number of pump lasers. 

Pump lasers 602-604 are properly polarized at the input to array 606. In 
amplification system 600, array polarization beam combiner 606 is used to 
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combine orthogonally polarized components 610 and 611 of a particular 
wavelength ("wavelength 1") into composite higher power wavelength 1 output 
beam 608. Concurrently, array 606 combines orthogonally polarized components 
612 and 613 of a different wavelength ("wavelength 2") into composite higher 
power wavelength 2 output beam 609. Pump wavelength beam combiner 607 
then creates higher power composite pump beam 614, which is combined with 
input signal 615 in broadband wavelength division multiplexer 616. The output 
of multiplexer 616 is propagated into Erbium-doped gain fiber 601 that generates 
an amplified signal 617. 

Figure 7 illustrates one embodiment of a Raman amplification system. In 
Raman amplifier system 700, distributed Raman amplification occurs in fiber 701 
containing the propagating signal 715. Composite pumping beam 714 is applied 
to fiber 701 in the backward direction through broadband wavelength division 
multiplexer 716. In an alternative embodiment, forward amplification may be 
arranged by reversing the direction of coupling of pump beam 714 through 716 
to be copropagating with signal 715. 

The laser amplification system 700 may include a plurality of low power 
pump lasers 702-705. Array polarization beam combiner 706 may be used to 
combine orthogonally S-polarized and P-polarized pump lasers into composite 
beams, thereby increasing the pumping power in output fiber 718. The number 
of pump lasers is limited only by the number of array inputs. Four pump lasers 
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are shown in amplifier 700 only for ease of discussion. A system may be 
constructed with a larger or smaller number of pump lasers. The pump lasers 
are properly polarized at the input to array 706. 

In amplification system 700, array polarization beam combiner 706 is used 
5 to combine orthogonally polarized components 710 and 711 of a wavelength 1 
into composite higher power wavelength 1 output beam 708. Concurrently, 
array polarization beam combiner 706 combines orthogonally polarized 

D 

components 712 and 713 of wavelength 2 into composite higher power 

5 

wavelength 2 output beam 709. Pump wavelength beam combiner 707 then 

01 

10 creates higher power composite pump beam 714, which is applied to fiber 701 in 

N= 

p the backward direction through broadband wavelength division multiplexer 716 

y, to generate amplified signal 715. 

*S 

O It should be noted that an array polarization beam combiner may also be 

Ljl 

used in amplifications systems to combine orthogonally polarized beams of 
15 differing wavelengths. In this manner, an array polarization beam combiner can 

function as a wavelength division multiplexer. 

Figure 8 illustrates another embodiment of an Erbium doped fiber 

amplification system. In laser amplification system 800, Erbium-doped gain fiber 

801 is the laser gain medium. The laser amplification system 800 may include a 
20 plurality of low power pump lasers 802-805 of differing wavelengths. Array 

polarization beam combiner 806 may be used to combine orthogonally S- 
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polarized and P-polarized pump lasers into composite beams, thereby increasing 
the pumping power in the output fiber 818. The number of pump lasers is 
limited only by the number of array inputs. Four pump lasers are shown in 
amplification system 800 only for ease of discussion. In an alternative 
embodiment, laser amplification system 800 could be constructed with a larger or 
smaller number of pump lasers. The pump lasers are properly polarized at the 
input to array 806. In amplification system 800, array polarization beam 
combiner 806 is used to combine orthogonally polarized components 810 and 811 
of wavelengths 1 and 2, respectively, into a composite higher power beam 808. 
Concurrently, array polarization beam combiner 806 combines orthogonally 
polarized components 812 and 813 of wavelengths 3 and 4, respectively, into 
composite higher power output beam 809. Pump wavelength beam combiner 
807 then creates higher power composite pump beam 814, which is combined 
with input signal 815 in broadband wavelength division multiplexer 816. The 
output of multiplexer 816 is propagated into Erbium-doped gain fiber 801 that 
generates an amplified signal 817 in output fiber 818. 

It should be noted that if there are only two pump lasers, for example, 802 
and 803, then pump wavelength beam combiner 807 may be eliminated, its 
operation being accomplished by array polarization beam combiner 806. It 
should also be noted that any set or combination of N wavelengths can be 
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combined two at a time by array polarization beam combiner 806 provided the 
wavelengths are arranged in orthogonally polarized pairs. 

Figure 9 illustrates another embodiment of a Raman amplification system. 
In Raman amplification system 900, distributed Raman amplification occurs in 
the fiber 901 containing the propagating signal 915. Composite pumping beam 
914 is applied to fiber 901 in the backward direction through broadband 
wavelength division multiplexer 916. In an alternative embodiment, forward 
amplification may be arranged by reversing the direction of coupling of pump 
beam 914 through 916 to be copropagating with signal 915. 

The laser amplification system 900 may include a plurality of low power 
pump lasers 902-905. Array polarization beam combiner 906 may be used to 
combine orthogonally S-polarized and P-polarized pump lasers into composite 
beams, thereby increasing the pumping power in the output fiber. The number 
of pump lasers is limited only by the number of array inputs. Four pump lasers 
are shown in amplifier 900 only for ease of discussion. In an alternative 
embodiment, Raman amplification system 900 may be constructed with a larger 
or smaller number of pump lasers. The pump lasers are properly polarized at 
the input to array 906. 

In amplification system 900, array polarization beam combiner 906 is used 
to combine orthogonally polarized components 910 and 911 of wavelengths 1 
and 2, respectively, into composite higher beam power 908. Concurrently, array 
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polarization beam combiner 906 combines orthogonally polarized components 
912 and 313 of wavelengths 3 and 4, respectively, into composite higher power 
output beam 909. Pump wavelength beam combiner 907 then creates higher 
power composite pump beam 914, which is applied to fiber 901 in the backward 
5 direction through broadband wavelength division multiplexer 916 to generate 
amplified signal 915 in output fiber 918. 

It should be noted that if there are only two pump lasers, for example, 902 
^3 and 903, then pump wavelength beam combiner 907 may be eliminated, its 

P function being accomplished by array polarization beam combiner 906. It should 

{2 10 also be noted that any set or combination of N wavelengths can be combined two 



e 

SI 



at a time by array polarization beam combiner 906 provided the wavelengths are 

arranged in orthogonally polarized pairs. 

Pump lasers, pump wavelength beam combiners, wavelength division 

multiplexers, and Erbium doped gain fibers are known in the art; accordingly, a 
15 detailed discussion of them is not provided herein. 

In the foregoing specification, the invention has been described with 

reference to specific exemplary embodiments thereof. It will, however, be 

evident that various modifications and changes may be made thereto without 

departing from the broader spirit and scope of the invention as set forth in the 
20 appended claims. The specification and drawings are, accordingly, to be 

regarded in an illustrative rather than a restrictive sense. 
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